The purpose of this study was to determine whether the response AC/A ratio could be altered when the subjectÕs interpupillary distance (IPD) was optically halved. We measured the changes in the AC/A ratio for 10 subjects after using the optical device for 30 min. Accommodative response was measured using a Canon R-1 optometer, and vergence response was measured with an ASL 210 Eye Movement Monitor. The average AC/A ratios were 1.20 ± 0.35 (SD) (MA/D) and 0.84 ± 0.39 (MA/D) before and after wearing the device, respectively. The decrease in AC/A ratio was statistically significant (p = 0.01). This was mainly caused by a reduction in the slope of the accommodative vergence. The results of this study suggest that the AC/A ratio can be decreased if an IPD-narrowing device is used. A possible application of this mechanism in the study of myopia is discussed.
Introduction
The interactions between accommodation and vergence become evident when a subject using one eye views a target moving from distance to near. The subjectÕs covered eye will turn to near also. This eye movement, which occurs in response to an increase in accommodation of the fellow eye, has been called accommodative vergence (Morgan, 1944 (Morgan, , 1968 . The interaction between accommodation and vergence (or the cross-link between the two systems) can be quantified by the accommodative vergence/accommodation ratio (AC/A). The AC/A ratio is defined as the ratio between the accommodative vergence and the accommodation, which causes the accommodative vergence (Alpern, Kincaid, & Lubeck, 1959) . If the amount of the accommodative value is determined by the stimulus, the result is called the stimulus AC/A ratio. If the amount of the accommodative value is related to the change in the accommodative response, then, it is called the response AC/A ratio. In response AC/A measurements, the stimulus to accommodation is an independent variable and the accommodative response and the accommodative vergence response both are two dependent variables (Flom, 1960a) . When the accommodative response or the accommodative vergence response is plotted as a function of the accommodative stimulus, they may not be linear as the limit of accommodation is approached. However, the response AC/A ratio could still be linear within a stimulus range up to 6.25 D (Flom, 1960a ).
An interesting question asked by Alpern et al. (1959) was whether the AC/A ratio could be modified to any degree by the effect of practice. Judge and Miles (1985) used a device called lateral periscopic spectacles to increase the effective interocular separation by 100 mm.
They plotted the measured accommodative vergence as a function of ideal vergence (i.e., the target distance but in a vergence unit of degree) and applied linear regression on each plot. For six subjects, they found that the average slope of the linear regressions increased from 0.825 (±0.030, SE) to 1.134 (±0.048) after the subjects used the device to exercise their accommodation and vergence for 30-40 min. Judge and Miles (1985) also conducted a control experiment in which the subject wore base-out prism rather than the periscopic spectacles. The results showed that the main effect of the adapting prism was to cause a shift in the whole accommodative vergence line vertically by 3.46°. This indicated a clear difference between the adapting prism and the periscopic spectacles. The prism adaptation resulted in a change of the phoria irrespective of viewing distance, however, the adaptation to periscopic spectacles altered the strength of the coupling between accommodation and vergence. Fisher and Ciuffreda (1990) did not find any significant changes in either tonic accommodation or the response AC/A ratio after their subjects used a similar device for 30 min. However, they found a significant increase in tonic vergence. Using a telestereoscope, which increased the subjectÕs interocular separation approximately fourfold, Bobier and McRae (1996) investigated the possible difference between the previous studies. The design of telestereoscope is same as that of the lateral periscopic spectacles used in Judge and MilesÕ study. They found that after subjects alternately fixated targets set at differing distances through the device, their AC/A ratios increased; however, after they viewed a fixed target through the device, the AC/ A ratio changes were not significant. Their results suggested that the AC/A ratio could be increased when the oculomotor system adapted to the device, which optically increased a subjectÕs interpupillary distance. The AC/A ratio changes require a specific adaptive condition in which the subjects are forced to double their vergence response relative to the normal situation for each diopter change of accommodation. From the results of Judge and Miles (1985) and Bobier and McRae (1996) studies, we can conclude that Fisher and Ciuffreda observed no changes in AC/A ratio because the subjects were not required to change viewing distance while wearing the lateral periscopic spectacles in the adaptation period. In that case the optical effect of the device was not different from that of prisms. Judge and Miles (1985) used the system of mirrors to create a cyclopean viewing condition, in which the vergence demand for the subject was always zero no matter where the target was located. However, they could not successfully demonstrate that this device could be used to reduce the accommodative vergence. Three subjects were tested to determine the effect of the cyclopean device; one subject showed a decrease, the second subject showed a small increase, and the third subject showed a large increase in the gain of accommodative vergence. These results revealed that there was a significant difference in the way that individuals adapted to these devices (Bobier & McRae, 1996; Judge & Miles, 1985) . Therefore, three subjects might not be adequate to provide a consistent and reliable result. In addition, the cyclopean device, which has a zero demand in vergence for all target distances, may not be natural enough for the oculomotor system to adjust the cross-link gains consistently during the subject views targets at various distances. Miles, Judge, and Optican (1987) reported that the subject who wore the cyclopean spectacles might experience diplopia and/or blurring with near viewing. This could be an obstacle for the accommodative and vergence system to adapt the new demands created by the device. Miles et al. (1987) tested three subjects 4 times while one of the subjects was tested twice. Among the four tests, two tests were using cyclopean spectacles only and other two were using cyclopean spectacles combined with baseout prism in order to improve the near fixation. Only one of the four tests resulted in reduced gain of accommodative vergence after the adaptation. Judge and Miles (1985) did another control study. They tested two subjects with a mirror system to reduce the interpupillary distance (IPD) to approximately 0.6 times the normal value. After adapting to this device for 30 min, the gain of accommodative vergence was increased for one subject and decreased for another one. In the present study, we designed a device to reduce the IPD to half of the subjectÕs normal value. Using objective methods to measure the accommodative and vergence responses, we tested more subjects to ascertain whether we could use this device to decrease the AC/A ratio.
Methods
Ten subjects with ages between 23 and 32 years, and with an average age of 25.2 ± 2.7 (SD) years volunteered for the experiment. All subjects were correctable to 20/ 20 acuity with normal binocular vision. The averages of spherical equivalent refractive error were À2.88 ± 2.71 D (OD) and À2.66 ± 2.47 D (OS), respectively. Among these subjects, 3 were emmetropes and 7 were myopes. The spherical equivalent refractive errors were from +0.50 to À0.50 D for emmetropes, and from À0.75 to À8.00 D for myopes. During the experiment, the myopes wore soft contact lenses for best correction. After experimental procedures were described, each subject gave informed consent. The research followed the tenets of the Declaration of Helsinki and was approved by the University of Houston Committee for the Protection of Human Subjects.
In the experiment, the subject was asked to adapt to a visual condition in which the vergence demand (in meter angles) was about half of the accommodative demand (in diopters). This was achieved by using an optical device that narrowed the IPD without altering the vergence of the light from the target. A schematic of the optical device is presented in Fig. 1 . This device is set up with two mirrors, which horizontally shift the left eyeÕs visual axis to the right to provide a reduced IPD. The mirrors and their accessories are connected to a head mounted device. During the adaptation period (30 min), the subjects were asked to wear this device and instructed to constantly alter their viewing distance between distance (>6 m), intermediate (1-2 m), and near (40 cm). The subjects tolerated the optical device well and none of them reported blur, diplopia, or any other visual discomfort during the adaptation period.
Each subjectÕs response AC/A ratio was measured before and after the adaptation period. The procedure for pre-adaptation measures was: (1) measure accommodative response (AR), (2) calibrate the eye tracker, (3) measure vergence response (VR). The post-adaptation procedures were reversed so that the subject did not experience normal binocular vision before vergence measurements. The procedure for post-adaptation measures was: (1) calibrate the eye tracker, (2) measure VR, (3) measure AR. The experimenter was able to complete the three-step measures in less than 10 min. ARs were measured using a Canon R-1 optometer. The target used was a Maltese cross presented on a computer screen with a dark background. The target was presented at 1, 2, or 3 D by a Badal stimulator (Gallagher & Citek, 1995) . The stimulator was mounted on the Canon R-1 optometer, behind the optometerÕs beam splitter and coaxial with the measurement optics of the optometer. Through the Badal stimulator, the target subtended a constant visual angle of 1.6°in diameter at each dioptric distance and a constant luminance, 18 cd/m 2 . In all conditions, ARs were taken by the Canon R-1 optometer from the subjectÕs right eye when the eye was viewing the target through the Badal stimulator. The subjects were asked to keep the accommodative target clear at all times. The subjectÕs left eye was occluded during the measurements. AR value at each stimulus level was an average of 10 readings. While the subjectÕs right eye viewed the accommodative stimulus at 1, 2, or 3 D, the accommodative VRs were measured with an ASL 210 eye tracker. The sensors of the eye tracker system with a three-dimension adjustment device were fixed to a head mounted unit to reduce the relative movement between the sensors and the eyes. Calibration was conducted using a chart provided in the operation manual of the eye tracker system. This chart consists of nine dots arranged in a 3 · 3 array. For the purpose of measuring the horizontal vergence eye movement, only the three dots in the middle row were used. The distance between two adjacent dots was 7.5 cm. The chart was placed at 1.00 m from the subject and the center dot in the chart was aligned with the visual axis of the subjectÕs right eye. During the calibration procedure, the subject was asked to alternatively look at one of the dots in left, middle, and right. Then, the eye movement signals from both eyes were recorded into two separate channels in a computer. Using the calibration data, we plotted a relationship between the angular eye positions and the readings in the instrument voltage for each eye. The calibration results then were used to determine the angular positions based on the recorded signals obtained in the experiment. Finally, we combined the two eyesÕ angular positions to obtain the subjectÕs vergence value (Morse, 1991) .
Response AC/A ratio for each subject was obtained based on the following calculations (Flom, 1960a) . AR values at three stimulus levels were plotted as a function of the accommodative stimulus (AS) and the data was fit by a linear regression equation. Then, the slope of the AR was determined. Accommodative VR values were plotted as a function of AS and a regression line was used to fit the data to obtain the slope of the VR. Then, response AC/A ratio was calculated by the following equation:
Response AC=A ¼ slope of VR=slope of AR In each subjectÕs accommodative VR plot, the y-intercept value determined by linear regression representing the accommodative VR for a distant target (AS = 0), i.e., the distance heterophoria (Jiang & Woessner, 1996) . The slopes of the AR and the slopes of the VR for each subject before and after adapting to the optical device that narrowed the IPD were compared and were analyzed with the repeated-measures analysis of variance and post hoc comparisons. The differences in the response AC/A ratio and the distance heterophoria before and after adaptation were evaluated with a paired t-test, respectively.
Results
One subjectÕs data, the AR and the accommodative VR were plotted as functions of the AS before and after the adaptation shown in Fig. 2(a)-(d) . Then, the slopes of the AR and the accommodative VR were obtained from these plots.
Ten subjectsÕ AR and VR slopes before and after adaptation are shown in Fig. 3(a) and (b) , respectively. Two factors repeated-measures analysis of variance was used to test the difference in the slopes of the AR and the VR before and after adaptation. There was no significant difference for the adaptation factor (F[19, 1] = 2.14, p = 0.16). However, there was a significant interaction between the adaptation factor and the two responses (i.e., AR and VR) (p = 0.044). Post hoc comparisons (FisherÕs LSD) showed that there was no significant difference between the slopes of the AR in these subjects before and after the adaptation period (t = 0.33, p > 0.05). The average slopes of the AR for the 10 subjects before and after adaptation were 0.84 ± 0.07 (SD) and 0.87 ± 0.06, respectively. However, the slopes of the accommodative VR before and after the adaptation were 1.01 ± 0.32 (MA/D) and 0.74 ± 0.35 (MA/D), respectively. This difference was significant (t = 2.74, p < 0.05). The average response AC/A ratios before and after adaptation were 1.20 ± 0.35 (MA/D) and 0.84 ± 0.39, respectively (Fig. 4) . The difference was significant (t[9] = 3.25, p = 0.01). This result suggests that after these subjects adapted to the optical device that narrowed their IPD, their accommodative vergence was reduced significantly, which caused the decreased AC/A ratios. The average distance heterophoria was À0.11 ± 0.72 MA before adaptation and 0.39 ± 1.30 MA after adaptation. The difference between before and after adaptation was not significant (t[9] = 1.29, p = 0.23). This result suggested that the subjectÕs tonic vergence did not change significantly after using the device. 
Discussion
The results of this study suggest that the AC/A ratio can be reduced after adapting to a device that narrows the subjectÕs IPD. We think that the mechanism for the observed reduction in the AC/A ratio is the same as that suggested in previous studies, which used the device to extend the IPD and increase the AC/A ratio (Bobier & McRae, 1996; Judge & Miles, 1985; Miles et al., 1987) . Although the gain of the accommodative vergence cross-link is relatively stable before the onset of presbyopia (Flom, 1960b; Rosenfield, Ciuffreda, & Chen, 1995) , it is flexible and can adapt to new viewing conditions created by the optical devices. We know that the physiological purpose of the cross-links of accommodation and vergence is to provide a synergy between the accommodative system and the vergence system to facilitate the processes that lead to a clear and single vision (Morgan, 1968) . Therefore, the evidences provided in the previous studies (Bobier & McRae, 1996; Judge & Miles, 1985; Miles et al., 1987) and this study, that show that the AC/A ratio is changeable suggest some kind of flexibility of the cross-link in order to adapt to the new relationship between the accommodative and vergence demands when the subject views a target through the optical devices. Our results showed that the gain of accommodative vergence was reduced, but the tonic vergence did not change after the adaptation. This result clearly indicated that this adaptation was different from the prism adaptation, in which the tonic component of the vergence system was changed after adaptation (Schor, 1992) . In previous experiments (Judge & Miles, 1985; Miles et al., 1987) , the change of tonic component was shown by the shift of the intercept of the accommodative vergence regression line.
The results of cross-link adaptation showed that there was clearly individual difference. Among the 10 subjects of this study, three subjectsÕ AC/A ratios showed only a slight change compared to the changes observed in the other subjects. This supports the idea raised in Bobier and McRaeÕs discussion that there was a wide range of intersubject variation. We still do not know which oculomotor parameter (e.g., accommodative facility, vergence facility, or the adaptation of the tonic components) is responsible for this individual variation. Schor and Horner (1989) reported that the AC/A ratio is inversely related to the adaptability of tonic accommodation and directly related to the adaptability of tonic vergence. Their study did not, however, explain how these adaptabilities might affect the AC/A ratio change.
The design of the optical device used in this study is different from the device used in Judge and Miles (1985) and Miles et al. (1987) studies, in which the cyclopean spectacles provided a zero IPD for all target distances. Our device reduced the subjectÕs IPD to half of the original IPD. Therefore, the vergence demand was always half of the accommodative demand for all target distances. This proportional change between the two demands may help the cross-link of the accommodative and vergence systems re-adjust the gain. Since we did not compare the two types of device on the same subjects, our view is only speculative. From the optical designs of these two devices, the cyclopean spectacles used in Judge and Miles (1985) and Miles et al. (1987) studies provided a symmetric viewing condition. The virtual eyes formed by the mirrors were located at the middle line between the two eyes and were 1/2 IPD behind the two eyes. However, in our design, the right eyeÕs position did not change, the virtual left eye was shifted to the right by 1/2 IPD and was 1/2 IPD behind the right eye. Therefore, the accommodative demands for the two eyes were slightly different. For example, for a target location 40 cm in front of the subject, the accommodative demands were 2.5 D for the right eye and 2.33 D for the left eye. The further the target was located from the subject, the lesser the difference was between the two demands. Hence, we thought that this difference was negligible.
One possible application of the optical device that narrows IPD is for reducing the high AC/A ratio of some patients. Based on recent studies (Gwiazda, Grice, & Thorn, 1999; Jiang, 1995; Mutti, Jones, Moeschberger, & Zadnik, 2000) , we speculate that myopia progression may closely relate to the subjectÕs AC/A ratio and near esophoria. If this is the case, the optical device tested in this study may provide an alternative way to diverge the subjectÕs near esophoria and reduce his AC/A ratio. Prior to use this device as a tool for vision therapy, a further study is needed to measure the time course of the effect after the subject adapts to this device.
